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The  gravitropic  bending  in  plant  roots  is  caused  by  asymmetric  cell  elongation.  This  requires  an  asym-
metric  increase  in  cell  surface  and  therefore  plasma  membrane  components  such  as  lipids,  sterols,  and
membrane  proteins.  We  have  identiﬁed  an  early  gravity-regulated  protein  in  Arabidopsis  thaliana  root
apices  that  binds  stigmasterol  and  phosphoethanolamines.  This  root-speciﬁc  protein  interacts  with  the
membrane  transport  protein  synaptotagmin-1  and  was  therefore  named  InteractoR  Of  SYnaptotagmin1
(ROSY1).  While  interactions  between  ML-domain  proteins  with  membrane  transport  proteins  and  their
impact  have  been  reported  from  animal  cell  systems,  this  is  the  ﬁrst  report  of  such  an  interaction  in aravity
oot
uxin
terol
ipid
plant system.  Homozygous  mutants  of ROSY1  exhibit  decreased  basipetal  auxin  transport,  a faster  root
gravitropic  response,  and  an  increase  in  salt  stress  tolerance.  Our  results  suggest  that  ROSY1  plays  a role
in root  gravitropism,  possibly  by  facilitating  membrane  trafﬁcking  and  asymmetric  cell  elongation  via its
interaction  with  synaptotagmin-1.
thorembrane composition
rabidopsis
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. Introduction
Terrestrial plants are sessile organisms, which have evolved
o constantly regulate their growth in response to environmen-
al cues, such as light and gravity. The force of gravity elicits a
irectional growth response in plant organs, called gravitropism.
rimary roots grow towards the direction of gravity (positively
ravitropic). If plants are reoriented with respect to the vector of
ravity, they are able to rapidly sense and respond to the change
y redirecting their growth and bending towards the direction
f the gravity vector. By penetrating into the soil, roots physi-
ally anchor plants while absorbing water and minerals necessary
or plant growth and development. Because root gravitropism is
ritical for plant growth and development, the molecular mecha-
isms of how roots sense and respond to gravity have been subject
f intense study (reviewed by Molas and Kiss, 2009; Baldwin
t al., 2013; Toyota and Gilroy, 2013; Sato et al., 2015). How-
ver, there still are missing links in our understanding of the
ravitropic signaling pathway, especially for the early stages of
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tates.
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.0/).s.  Published  by  Elsevier  GmbH.  This  is  an  open  access  article  under  the  CC
BY-NC-ND  license  (http://creativecommons.org/licenses/by-nc-nd/4.0/).
gravitropic signaling. Here, we report the functional character-
ization of a novel protein ROSY1 in Arabidopsis thaliana, which
is among the earliest responses during root gravitropic signa-
ling.
Gravitropism has three phases: sensing, signal transduction and
the differential growth response (as reviewed by Boonsirichai et al.,
2002; Molas and Kiss, 2009; Toyota and Gilroy, 2013). The sensing
phase involves mechanisms that convert the physical force of grav-
ity into a biochemical signal. In the signal transduction phase, the
biochemical signal is transported to gravity-responding cells. For
example in roots, the differential growth response is asymmetric
cellular elongation that results in root bending. The sensing phase
begins immediately upon reorientation of the root, as starch-ﬁlled
amyloplasts in the columella cells sediment towards the direction
of gravity (Leitz et al., 2009). The reorientation of these amyloplasts
is thought to exert a force on the actin cytoskeleton and the sur-
rounding ER, thereby stimulating yet unknown mechanosensitive
channels on the ER and/or the plasma membrane (Hou et al., 2003;
Leitz et al., 2009; Zheng and Staehelin, 2001). However, in roots of
A. thaliana ecotype Wassilewskija, even though statoliths sedimen-
tation takes about ten minutes to complete (Leitz et al., 2009), after
about ﬁve minutes of reorientation (presentation time) the gravit-
ropic response is committed (Kiss et al., 1996). The earliest signals
le under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/
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n response to gravity are initiated within seconds of gravistimu-
ation.
Within seconds to minutes after gravistimulation, the con-
entrations of secondary messengers such as inositol 1,4,5-
riphosphate (InsP3) and Ca2+ change (Fasano et al., 2001; Perera
t al., 2006; Scott and Allen, 1999). In roots of Arabidopsis plants
ransformed with the Yellow Cameleon (YC) Ca2+ sensor, gravis-
imulation induced a wave of Ca2+ at the lower side of the root
hat was seen to move towards the elongation zone (Monshausen
t al., 2011). There is a simultaneous redirection of auxin transport
n the root tip (Young et al., 1990; Ottenschlager et al., 2003). Auxin
fﬂux carriers PIN3 (Friml et al., 2002) and PIN7 (Kleine-Vehn et al.,
010) relocate to in the cellular membranes and auxin is differen-
ially transported to the lower side of a gravitropically reoriented
oot.
The kinetics of differential auxin transport upon gravistimula-
ion have been recently studied using a sensitive auxin-induced
ensor DII-VENUS (Band et al., 2012; Brunoud et al., 2012). Using
uxin redistribution modeling the authors revealed that within
ve minutes of gravistimulation by 90◦ reorientation, that auxin
evels increased approximately two-fold on the lower side of the
oot (Band et al., 2012). Because auxin inhibits cell elongation
Evans et al., 1994), the cells on the upper side of the root elon-
ate more than those at the lower side of the root (recent images
y Mahonen et al., 2014) thereby causing downward root bend-
ng. In Arabidopsis roots, the R2R3-MYB type transcription factors
OUR LIPS (FLP) and its paralogue MYB88 regulate transcriptional
evels of PIN3 and PIN7 to bring about polar auxin transport and
ravitropism (Wang et al., 2015). The formation of a polar auxin gra-
ient was delayed in ﬂp-1 mutant roots. Gravitational bending was
educed but not abolished in roots of ﬂp-1 and ﬂp-1 myb88 double
utants (Wang et al., 2015), indicating that additional gravity-
egulated genes have a role in establishing polar auxin trans-
ort.
In previous reports, we identiﬁed the fastest responding genes
peciﬁc to a gravity stimulus. We  reported that a small cluster of
ranscripts was  speciﬁcally and transiently upregulated in response
o gravistimulation in Arabidopsis root apices (Kimbrough et al.,
004). In this cluster, AT2g16005 (ROSY1) mRNA was upregulated
everal-fold within the ﬁrst two minutes after reorientation and
emained at a high level for about 30 min  before returning to basal
evels. In transgenic plants with lower basal InsP3 levels, tran-
cript levels of ROSY1 were not upregulated in response to gravity,
ndicating a dependence of its transcriptional regulation on the
hospholipid signaling pathway (Salinas-Mondragon et al., 2010).
OSY1 encodes a protein of unknown function, but contains the
onserved MD-2-related lipid-recognition domain (ML-domain)
Inohara and Nunez, 2002). Because ROSY1 is the fastest upreg-
lated transcript in response to gravity-stimulation described in
lants, we investigated its biochemical and physiological functions
n Arabidopsis. We  found that ROSY1 is located to the cytoplasm
n the epidermal and cortical root cells. rosy1-1 knockout plants
how accelerated gravitropic bending and a reduced auxin trans-
ort capacity.
. Materials and methods
.1. Phylogeny of ROSY1
ML-domain proteins from various databases were obtained
sing the SMART program (Schultz et al., 2000). Coding sequences
f ML-domain proteins were aligned using the MEGA5 software.
he taxonomic tree was created with the coding sequences of
elected proteins using the Neighbor-joining method in MEGA5.
he optimal tree with the sum of branch length = 6.62 is shownology 196–197 (2016) 28–40 29
in Fig. 1B. The tree is drawn to scale, with branch lengths in the
same units as those of the evolutionary distances used to infer
the phylogenetic tree. The evolutionary distances were computed
using the Poisson correction method and are in the units of the
number of amino acid substitutions per site. The analysis involved
14 amino acid sequences. All positions containing gaps and miss-
ing data were eliminated. There were a total of 97 positions in
the ﬁnal dataset. Evolutionary analyses were also conducted in
MEGA5 (Tamura et al., 2007). The taxonomic tree was supported
using PAUP (Swofford, 2003) by making the same taxonomic tree
with both Neighbor-joining and parsimony method. The protein
sequences of the nine Arabidopsis ML  proteins were aligned (Fig.
A.1) by sequence similarity extended alignment using PRALINE
(Pirovano et al., 2008). Transmembrane secondary structure pre-
diction was  done using PSIPRED (Bryson et al., 2005), and the signal
peptide and cleavage site prediction was  carried out using SignalP
(http://www.cbs.dtu.dk/services/SignalP/).
2.2. Cloning of constructs
All PCR ampliﬁcations for gene cloning were performed using
the Expand Long template proofreading PCR system (Roche Applied
Science, Penzberg, Germany).
2.2.1. rosy1-1 Complementation construct
For genetic complementation, the ROSY1 gene was ampliﬁed by
PCR starting from 1584 bp upstream of the start codon to 628 bp
downstream of the stop codon using primers ROSY1F and ROSY1R
(Table A.1). The 3 kb PCR product was  cloned in pENTR/D-Topo
entry vector (Thermo Fisher Scientiﬁc, Waltham, MA) to create the
ProROSY1::ROSY1entry vector. LR Clonase II (Thermo Fisher Scien-
tiﬁc) was used to clone ROSY1 into pEarleyGate302 (Earley et al.,
2006).
2.2.2. Promoter::GFP construct
The ROSY1 promoter was  ampliﬁed from the ProROSY1::ROSY1
entry vector by PCR using primers ProFP and ProRP (Table A.1).
The GFP coding sequence was ampliﬁed from the pEarleyGate103
vector (Earley et al., 2006) with GFPFP and GFPRP (Table A.1). Using
the overhangs of ProRP and GFPFP, fusion PCR was  used to insert
ProROSY1::GFP into the pENTR/D-Topo entry vector. LR Cloning was
performed to insert ProROSY1::GFP into pEarleyGate 302.
2.2.3. Protein::GFP construct
The ProROSY1::GFP fusion was  ampliﬁed using primers ProFP
and GFPRP2 (Table A.1). ROSY1 was  ampliﬁed from Pro-
ROSY1::ROSY1 using primers ROFP and RORP (Table A.1). Using
the overhangs of GFPRP2 and RORP, fusion PCR was conducted
and the product was cloned in pENTR/D-Topo to create the
ProROSY1:GFP-ROSY1 entry vector. The fusion construct was cloned
into pEarleyGate 302.
2.2.4. Agrobacterium-mediated Arabidopsis transformation
All binary vectors were transformed into Agrobacterium tume-
faciens (strain UIA143/pMP90 Rec-). Arabidopsis plants were
transformed by ﬂoral dip (Clough and Bent, 1998). For selec-
tion, T0 seeds were spread on MS  medium supplemented with
Phosphinothricin to 20 g/ml ﬁnal concentration. The transgenic
seedlings were transferred to soil and the presence of the trans-
gene was  conﬁrmed by PCR. Phenotypic rescue experiments were
carried out with T3 homozygous plants.
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Fig. 1. (A) ROSY1 contains the ML  domain between amino acids 27–151. (B) ROSY1 (At2g16005) has a conserved MD2-related lipid binding (ML) domain. The evolutionary
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sing  a Neighbor-Joining method. ROSY1 has potential homologs in various eukaryo
elationships of the coding sequences.
.3. Identiﬁcation of the rosy1-1 insertion mutant and
emi-quantitative RT-PCR
The A. thaliana ecotype Landsberg erecta (Ler-0) enhancer trap
ine ET11532 was obtained from Cold Spring Harbor, NY (http://
enetrap.cshl.edu). Homozygous knockout mutants were screened
sing primers DNAFP, DNARP and insertion primer Ds5-2. For
etection of ROSY1 mRNA, seven day old Arabidopsis roots and
ypocotyls were excised in RNAlater (Qiagen, Valencia, CA). RNA
as isolated using the RNeasy plant mini kit (Qiagen) and 3 g of
otal RNA was used for 20 l cDNA synthesis reaction using Super-
cript II Reverse Transcriptase (Thermo Fisher Scientiﬁc). 1 l cDNA
as ampliﬁed with actin primers ActinF and ActinR and ROSY1 cds
rimers rosy1RTF and rosy1RTR (Table A.1)..4. Morphological data
Seeds were surface sterilized in 70% (v/v) ethanol for 1 min, fol-
owed by a bleach:water (1:1) solution for ﬁve minutes. The seedsas computed using a Maximum Likelihood Method and the tree was constructed
anisms. The tree is to scale and branch lengths are representative of the taxonomic
were then washed in sterilized distilled water ﬁve times before
plating on petri dishes with 1/2 × MS  medium containing half-
strength Murashige and Skoog salts (1/2 × MS), 1% (w/v) sucrose,
1 mM 2-(N-morpholino) ethanesulfonic acid (MES) pH 5.7 and 0.8%
(w/v) agar. The plates were kept in the cold for 4 days, and then
moved to a growth chamber with long day conditions (16 h light/8 h
dark) at 22 ◦C. Dark-grown plants were covered with foil after 4 h of
light exposure. Four day old seedlings were scanned using a white
light transilluminator (BioRad, Hercules, CA) and measured using
ImageJ (http://rsbweb.nih.gov/ij/index.html).
2.5. Gravitropic bending experiments
Seedlings were grown in light or wrapped in aluminum foil
(dark) for 4 days as described above and then reoriented by a 90◦clockwise rotation. For the time-resolved analysis, plates contain-
ing light-grown seedlings were reoriented and scanned for 10 h in
hourly intervals, after 24 h and 48 h. Plates containing light-grown
seedlings were reoriented and scanned after four hours. For Fig. 2F,
J. Dalal et al. / Journal of Plant Physiology 196–197 (2016) 28–40 31
Fig. 2. The rosy1-1 knockout mutant has an enhanced gravitropic response. (A) Enhancer trap insertion line ET11532 was obtained from Cold Spring Harbor Labs. In this line,
the  6-kb T-DNA has been inserted into the fourth exon of ROSY1. (B) Homozygous (hmz) mutants rosy1-1 were identiﬁed among WT and heterozygous (htz) plants using
primers  (F + T + R) on gDNA. (C) Using semi-quantitative PCR, the relative abundance of ROSY1 mRNA was  analyzed in 4-day-old WT and rosy1-1 seedlings as well as isolated
roots  of 4-day-old seedlings. In hmz  rosy1-1 seedlings,  ROSY1 mRNA was  undetectable. (D) Roots of 4-day-old light-grown rosy1-1 seedlings bend faster than WT in response
to  gravity (19 ≤ n ≤ 25, p < 0.05, SE). (E) After reorientation of four-day-old light-grown seedlings by 90◦ in light for four hours, rosy1-1 roots show greater angles of bending
towards gravity compared with WT and ProROSY1::ROSY1 roots (n = 143, p < 0.0001, SE). (F) After 15 h of reorientation by 90◦ in dark, rosy1-1 mutant roots show greater
angles  of gravitropic bending compared with WT and ProROSY1::ROSY1 roots (81 ≤ n ≤ 23, p < 0.001, SE). SE = standard error of the mean; * = signiﬁcant differences according
to  two-tailed Student’s t-test with p < 0.05 or as indicated.
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Fig. 3. Localization of ROSY1 expression using confocal microscopy. (A) ProROSY1::GFP expression was  root speciﬁc, in cortex and epidermis from the elongation zone up
to  the root-hypocotyl junction. (B–F) Translational fusion of ROSY1 with GFP was  driven by the endogenous promoter ProROSY1::GFP-ROSY1. GFP-ROSY1 fusion protein
expression was  visualized using confocal microscopy. GFP-ROSY1 protein expressed in the epidermal and cortical cells in the elongation zone of the root (B, C) and in the
lateral  root cap (D–F). Within the cells, GFP-ROSY1 protein is found in the cytoplasm (C). GFP-ROSY1 expresses evenly in the lateral root cap before gravity stimulus (E). After
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reen  color represents GFP, magenta represents PI staining for plasma membrane. 
o  the web version of this article.)
lates containing dark-grown seedlings were reoriented. After 15 h,
he aluminum foil was removed and the plates were immediately
canned. Angles of bending were measured using ImageJ.
.6. Microscopy.6.1. Visualization of meristem organization
Three day old seedlings were stained in 10 g/ml propidium
odide (PI) (Sigma, St. Louis, MO)  for one minute and then gently) side of the root and decreases on the lower (non-elongating) side of the root (F).
terpretation of the references to colour in this ﬁgure legend, the reader is referred
washed with water. The seedlings were mounted on glass slides in
a drop of water, and hypocotyls were cut and removed. The roots
were imaged with a Leica Laser Scanning confocal microscope using
a 514 nm excitation laser and a 20× objective.2.6.2. GFP imaging
Seedlings expressing GFP or GFP-ROSY1 fusion proteins were
imaged with a Leica Laser Scanning Confocal microscope using the
Plan-Apochromat 20×/0.8 M27  objective. GFP-ﬂuorescence was
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Fig. 4. ROSY1 regulates auxin transport. The rate of basipetal auxin transport was
measured in rosy1-1 and WT root tips using radiolabeled IAA. Auxin transport in
rosy1-1 roots is reduced to about half of that in WT  roots (dark bars). The difference
in auxin transport persists even following application of the auxin efﬂux inhibitor
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bPA (light bars). 33 ≤ n ≤ 39; SE = standard error of the mean; (a–d) = signiﬁcant
ifferences according to two-tailed Student’s t-test with p < 0.05.
aptured using a 488 nm excitation laser. Digital and master gain
ettings for all images were identical. The pinhole size was  around
3 m for Fig. 3B and 32 m for Fig. 3D–F. For Fig. 3A, a tile scan
as taken to capture a large area at the root-shoot junction of a
wo-day old ProROSY1::GFP expressing seedling. One channel was
ig. 5. ROSY1 binds stigmasterol and DPPE. AtROSY1ML-HA Lipid Binding Assay. Recom
o  bind with (A) sterols on a PVDF membrane and (B) phospholipids and sterols on a nitr
inds  speciﬁcally to stigmasterol (0.5 pmol) and phosphatidylethanolamine (dipalmitoylpology 196–197 (2016) 28–40 33
used to capture the differential interference contrast (DIC) image.
Another channel was  used to capture the GFP-ﬂuorescence, and
the images were combined to visualize the expression of GFP in
speciﬁc cells. For visualizing the plasma membranes in Fig. 3D, the
seedlings were stained with PI as above, and imaged by sequential
line scans using 488 nm and 514 nm excitation lasers for GFP and PI
respectively. To test the effect of reorientation on GFP-ROSY1 ﬂuo-
rescence, 1/2 × MS  medium with 1 mM MES  (pH 5.7) and 0.8% (w/v)
agar was  poured in 3 mm thick petri dish lids (Corning, Fisher). WT
and GFP-ROSY1 seeds were surface sterilized and plated on the agar
surface. Another lid was  placed on the top of the lid with the seed
and the stack was  sealed with paraﬁlm. After three days, the cover
lid was removed, and a custom made cover glass was placed on the
bottom lid. Some bottom lids were immediately used for imaging
the GFP-ROSY1 ﬂuorescence in roots using confocal microscopy.
Some other bottom lids were reoriented by 90◦ clockwise rota-
tion for 3 h, then the GFP-ROSY1 ﬂuorescence was immediately
visualized.
2.7. Auxin transport assaysBasipetal transport of IAA was  measured by applying agar
droplets containing 3H-IAA to the root apex of seedlings grown
under 100 mol  m−2 s−1 constant cool white light after ﬁve days
binant protein AtROSY1ML-HA was expressed in yeast. AtROSY1ML-HA was used
ocellulose strip. The membranes were probed with anti-HA-HRP. AtROSY1ML-HA
hosphoethanolamine; DPPE) (200 pmol).
34 J. Dalal et al. / Journal of Plant Physiology 196–197 (2016) 28–40
Fig. 6. AtROSY1ML-HA lipid binding assay. Recombinant protein AtROSY1ML-HA binds speciﬁcally to stigmasterol (0.5 pmol) and DPPE. (A) AtROSY1ML-HA binds to stig-
masterol with higher afﬁnity than it binds to DPPE. AtROSY1ML-HA does not bind to dioleoylphosphoethanolamine (DOPE). (B) Structural differences between DOPE and
DPPE  in the fatty acid side chains affect afﬁnity of binding to ROSY1. (C) Pre-incubation of recombinant AtROSY1ML-HA protein with DPPE increased the binding afﬁnity of
ROSY1 to stigmasterol. ROSY1 has distinct, cooperative binding sites for stigmasterol and DPPE.
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cig. 7. ROSY1 interacts with SYT1. In a yeast-two-hybrid screen with ROSY1 clon
loned downstream of GAL4 Activation Domain, functional interaction with SYT1 w
lasmids into yeast reporter strain AH109.
f growth, as described by Lewis and Muday (2009). Plants
ere individually transferred to plates containing 1 M N-1-
aphthylphthalamic acid (NPA) or 0.01% (v/v) DMSO as a solvent
ontrol eight hours before the start of the assay. The 3H IAA concen-
ration in the application agar was 100 nM,  and the assay duration
as ﬁve hours from source application to sectioning. Roots were
ut 2 mm and 7 mm fromthe root tip and the resulting 5 mm sec-wnstream of the GAL4 DNA Binding Domain, and an Arabidopsis root library cDNAs
ntiﬁed. The interaction was conﬁrmed by co-transformation of ROSY1 and SYT1
tion was  immersed in scintillation ﬂuid, where it was  incubated
overnight in the dark before detection of radioactivity in a Beck-
man  LS6500 scintillation counter (Beckman-Coulter, Pasadena, CA).
Each measurement represented the average of three independent
assays, each of which was performed with 8–12 seedlings per geno-
type/treatment condition.
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Nig. 8. rosy1-1 seedlings have improved NaCl tolerance. Seedlings were grown on 1
eedlings showed more lateral roots and higher tolerance to salt stress than WT see
.8. Protein-lipid overlay assay
.8.1. Protein production
Recombinant protein was generated using the yeast
luyveromyces lactis protein expression system (New England
iolabs, Ipswich, MA). The ROSY1 ML-domain (amino acids
7–151) was ampliﬁed with forward primer XhoFP introducing
n Xho1 restriction site at the 5′ end, and using two  overlapping
everse primers HNRP1 and HNRP 2 designing an HA tag followed
y a stop codon, in turn followed by Not1 restriction site at the 3′
nd. The PCR product and pKLAC2 vector were restriction digested
ith Xho1 and Not1 (New England Biolabs) and ligated with T4
NA Ligase (New England Biolabs). The recombinant protein
tROSY1ML-HA was cloned downstream of MF  secretory domain
n the vector pKLAC2. All colonies used for protein production
ontained multi-copy constructs. Protein production was induced
n transformed colonies, and non-transformed GG799 cells by
rowing the yeast for 2 days in YPD medium consisting of 20 g/L
ifco peptone (Becton, Dickinson and Company, Franklin Lakes,
J) and 10 g/L yeast extract (Becton, Dickinson and Company) sup-S medium and using sterile technique, transferred to 1/10 × MS  medium. rosy1-1
s. (n = 72 over three bioreps; scale bars = 1 cm).
plemented with 40% (w/v) Galactose (Sigma-Aldrich) (YPD/Gal).
After two days, the cells were pelleted by centrifugation, and
the medium was  removed. Western blot analysis was performed
using anti-HA-HRP antibody (Genscript, Piscataway Township,
NJ) to conﬁrm the presence and size of the protein secreted into
the medium While transformed colonies showed expression of
the correct size protein secreted into the medium, no signal was
detected with the control GG799 cells. The medium from trans-
formed cells and control GG799 cells was  used for the lipid/sterol
binding assays.
2.9. Sterol binding assay
The sterol binding protocol was adapted from (Dowler et al.,
2002). For Fig. 5A 100 mM solutions were prepared with cholesterol
(Sigma) in chloroform/methanol (Sigma) 1:1 and in DMSO (Sigma),
stigmasterol (Sigma) in chloroform and DMSO, Sitosterol (Sigma)
in chloroform and 24-epibrassinolide (PhytoTechnology Laborato-
ries, Overland Park, KS) in chloroform and DMSO. While cholesterol
dissolved best in chloroform/methanol, stigmasterol and sitosterol
36 J. Dalal et al. / Journal of Plant Physiology 196–197 (2016) 28–40
Fig. 9. Proposed model of ROSY1 action. The expression of ROSY1 mRNA is dependent on InsP3 levels. The free Ca2+ levels are also dependent on the InsP3 levels. SYT1
is  activated by interaction with Ca2+ and PIP2. ROSY1 interacts with stigmasterol and DPPE. ROSY1 and SYT1 interact in a way that affects the membrane sterol and lipid
c Black 
f terpre
w
d
s
o
v
C
D
1
w
w
m
w
N
t
a
ﬁ
s
w
t
o
w
1
b
T
l
a
t
s
n
s
t
Composition, thereby affecting auxin transport and responses to stress and gravity. 
rom  non-plant sources; blue lines denote research presented in this report. (For in
eb  version of this article.)
issolved best in chloroform alone, and 24-epibrassinolide dis-
olved best in DMSO. All the solutions were used to make dilutions
f 100 pmol, 1 pmol, 0.5 pmol and 0.15 pmol in the respective sol-
ents. For Fig. 5B membrane lipid strips (Echelon Inc., Salt Lake
ity, UT) were used. For Fig. 6A stigmasterol (Sigma), DPPE and
OPE (Echelon Inc.) were dissolved in chloroform and diluted to
00 pmol, 1 pmol and 500 pmol concentrations.
Cultures of untransformed GG799 cells, and strains transformed
ith AtROSY1ML-HA grown in YPD/Gal for 2 days (OD600 ∼ 1.0)
ere pelleted. The protein concentration of the supernatant was
easured using Bradford assay (Bio-Rad). 100 mM total protein
as mixed with 1× TBST (50 mM Tris.HCl (Sigma), pH 7.4, 150 mM
aCl (Sigma) and 0.1% Tween 20 (Sigma)) to make the protein solu-
ion. Cultures derived from untransformed GG799 cells were used
s wild type (WT) controls. For Fig. 6C, 100 mM ROSY1ML-HA was
rst pre-incubated with 1× TBST with or without 100 mM DPPE
olution, while shaking at 4 ◦C for 30 min. The membrane strips
ere incubated with the protein solutions for 40 min  at 4 ◦C and
hen for 20 min  at room temperature. The membranes were vig-
rously washed 3× for 30 min  each with 1× TBST. The membranes
ere then incubated for 1 h with shaking at room temperature with
:1000 anti-HA:HRP (Genscript) in 1× TBST. After 1 h, the mem-
ranes were washed vigorously 3 × 30 min  each in 1× TBST TBST.
he blots were developed using SuperSignal West Femto chemi-
uminiscent substrate (Thermo Scientiﬁc) and visualized on Kodak
utoradiography ﬁlms (Sigma).
The sterol/lipid binding experiment was performed with six cul-
ures expressing AtROSY1ML-HA and one untransformed GG799
ample, and was repeated 3 times with separate transformed and
on-transformed colonies each time. The binding showed the same
terol/lipid afﬁnity for all transformed colonies tested, and none of
he non-transformed GG799 strips showed any signal on the ﬁlm.
2.10 Yeast-two-hybrid library construction and screening
The experiments were performed using Matchmaker Library
onstruction & Screening kit (Clontech, Mountain View, CA). Forlines denote research published previously; dotted lines denote research published
tation of the references to colour in this ﬁgure legend, the reader is referred to the
the construction of a gravistimulated root library we used roots
harvested from 7-day-old Arabidopsis seedlings after 5 min  of
reorientation using the SMART kit (Clontech) according to the
manufacturer’s recommendations. The SMART ds cDNA was co-
transformed into yeast strain AH109 with SmaI linearized vector
pGADT7-Rec. For the bait vector, the ROSY1 coding sequence was
ampliﬁed leaving out the transmembrane domains ROSY1, and
creating a 5′ Nde1 restriction site using Y2H-FP and Y2H-RP. The
construct was cloned into the yeast DNA BD vector pGBKT7. The
library mating and screening was performed according to the man-
ufacturer’s protocol. Positive (blue) colonies were sequenced with
prey vector-speciﬁc primers.
2.10. Salt stress experiment
The salt stress experiment was carried out as described for syt1-1
seedlings by Schapire et al. (2008). WT  and rosy1-1 seeds were sur-
face sterilized and stratiﬁed on 1/2 MS  medium, 1.5% (w/v) sucrose,
and 1% (w/v) agar for four days. Three day old seedlings were trans-
ferred to MS  medium with one-tenth strength MS  salts with 1.5%
(w/v) sucrose and 1% (w/v) agar supplemented with different con-
centrations of NaCl. Plates were photographed at different times
over three weeks (total n = 72, three independent replicates).
3. Results
3.1. ROSY1 contains a lipid binding domain
ROSY1 is a 17 KDa protein, 160aa in length. The central
123 amino acids of ROSY1 have high sequence similarity to an
MD2-lipid binding (ML) domain (Fig. 1A). The ML-domain is evo-
lutionarily conserved between animals, plants and fungi (Inohara
and Nunez, 2002). Proteins containing the ML-domain share a com-
mon  basic tertiary structure consisting of multiple -strands that
form two  -sheets and a central lipid-binding cavity. This cavity has
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een reported to bind speciﬁc lipids or sterols, and proteins with
his domain often have lipid/sterol transport activity (Conzelmann
nd Sandhoff, 1979; Okamura et al., 1999; Record et al., 1999). The
axonomic relationships of A. thaliana ROSY1 with representative
L-domain proteins from other organisms are shown in Fig. 1B.
ingle cell organisms including fungi (Aspergillus, yeast) and algae
Chlamydomonas) also contain genes that encode ML-domain pro-
eins. ML-domain proteins are not present in bacteria or archaea,
nd the domain seems to have evolved in eukaryotes. The Arabidop-
is genome encodes nine ML-domain proteins, including ROSY1
Fig. A.1).
.2. The rosy1-1 knockout mutant has an enhanced gravitropic
esponse
Attempts to overexpress ROSY1 in Arabidopsis were unsuccess-
ul, suggesting an embryo-lethal phenotype. We  identiﬁed a ROSY1
oss-of-function enhancer trap insertion line ET11532 (rosy1-1)
n the Cold Spring Harbor Gene Trap collection (Martienssen,
998) (Fig. 2A). Homozygous rosy1-1 plants were identiﬁed by PCR
n genomic DNA using the insertion- and gene-speciﬁc primers
Fig. 2B). To examine ROSY1 transcript abundance in rosy1-1 plants,
e isolated RNA from 4-day old WT  and rosy1-1 seedlings, and
onducted semi-quantitative PCR with ROSY1 sequence-speciﬁc
rimers. The expression of ROSY1 mRNA is low in WT  seedlings
nd undetectable in rosy1-1 seedlings (Fig. 2C).
To genetically rescue the mutation, we generated a binary con-
truct containing a 1.3 kb long native ROSY1 promoter driving the
omplete ROSY1 gene and transformed it into the rosy1-1 mutant
ProROSY1::ROSY1). There was no phenotypic difference between
he rosy1-1 knockout, rescue, and WT  plants under normal growth
onditions (Fig. A.2). We  tested the root gravitropic bending kinet-
cs of WT,  rosy1-1 and ProROSY1::ROSY1 seedlings. The roots of
osy1-1 knockout lines bent faster towards the direction of grav-
ty upon reorientation than WT  roots (Fig. 2D). Four hours after
eorientation of four-day-old light-grown seedlings, rosy1-1 roots
ave a signiﬁcant (15◦) increase in the angle of bending compared
o roots from WT  and the rescue line ProROSY1::ROSY1 (Fig. 2E).
e also investigated the gravitropic response of rosy1-1 roots in
ark-grown seedlings. Gravitropic bending in the dark is slower,
ut after 15 h of reorientation in the dark, rosy1-1 roots had a simi-
ar signiﬁcant (15◦) increase in their angle of bending over WT roots
Fig. 2F). This hypertropic response indicates that ROSY1 expression
lows the rate of bending and therefore inhibits the bending of roots
owards gravity.
We  further investigated if the hypertropic phenotype of rosy1-1
oots was due to a change in the anatomy of rosy1-1 roots. To com-
are the cellular structure of rosy1-1 and WT  roots, the cell walls
ere stained with propidium iodide and the roots were imaged
sing confocal microscopy. No difference was observed between
ell sizes, shapes or number between the mutant and wild type
oots (Fig. A.3). Therefore, the gravitropic phenotype of rosy1-1
oots is not be due to any apparent anatomical difference in the
utant roots, but may  be due to a difference in gravitropic signaling
r an early response.
.3. The location of ROSY1 is consistent with a role in
ravitropism
The tissue-speciﬁcity of the ROSY1 promoter was investigated
y microscopy of plants expressing a binary construct where the
roROSY1 sequence was used to drive the expression of Green
luorescent Protein (GFP). In transgenic plants expressing Pro-
OSY1::GFP in a WT  background, GFP ﬂuorescence was  detected
xclusively in the roots, speciﬁcally in the epidermis and cortex
ells of the root elongation zone (Fig. 3A), showing that the pro-ology 196–197 (2016) 28–40 37
moter exerts cell-type speciﬁcity in its expression of the ROSY1
gene. To study the localization of ROSY1 protein, we generated
ProROSY1::GFP-ROSY1 fusion expression lines in the WT and rosy1-1
backgrounds.
In the rosy1-1 background, ProROSY1::GFP-ROSY1 expression
completely rescued the enhanced bending phenotype of the rosy1-1
roots (Fig. 2E, F). GFP-ROSY1 expression was found in the epidermal
and cortical cells in the elongation zone, similar to the expres-
sion pattern seen in the ProROSY1:GFP plants (Fig. 3C, D). Given
the limitation of resolution, the subcellular location of the protein
appears to be cytoplasmic (Fig. 3D). GFP-ROSY1 ﬂuorescence was
also observed in the lateral root cap cells at the root tip (Fig. 3D–F).
Lateral root cap cells participate in basipetal or shootward IAA
transport (Monshausen et al., 2011; Swarup et al., 2005).
Because ROSY1 mRNA shows fast accumulation in response to
gravity stimulation, we  asked if the GFP-ROSY1 protein also showed
altered abundance after gravity stimulus. The GFP-ROSY1 ﬂuores-
cence was  observed in the roots of 3-day-old Arabidopsis seedlings
before and after reorientation (Fig. 3E, F). Upon reorientation, the
GFP-ROSY1 ﬂuorescence increased on the upper side (elongating
side) of the root and decreased on the lower side (non-elongating
side) of the root (Fig. 3F).
3.4. ROSY1 effects auxin transport
ROSY1 is involved in the gravity response of the plant root,
and is expressed in the lateral root cap, which is the site for
gravity-induced basipetal auxin transport (Monshausen et al.,
2011; Swarup et al., 2005). We  investigated whether ROSY1 plays
a role in the gravity-induced changes in auxin transport—either
via transport rate, or due to the location of known auxin transport
proteins.
We compared basipetal auxin transport in 5-day-old light-
grown rosy1-1 and WT  roots using radiolabeled IAA. rosy1-1 roots
have a signiﬁcantly reduced auxin transport capacity compared
with WT roots (Fig. 4). The slower auxin transport in rosy1-1 knock-
out roots versus WT  roots persisted even after treatment with an
IAA-efﬂux inhibitor, 1-N-naphthylphthalamic acid (NPA). The loca-
tion and polarity of PIN proteins determines the direction of auxin
transport in response to gravity (Ulmasov et al., 1997; Wisniewska
et al., 2006). Altered PIN location or reduced polar location leads
to defects consistent with auxin misdistribution in tissues. How-
ever, experiments investigating PIN1, PIN2 and PIN4 abundance
and location in WT  and rosy1-1 root tips by immunolocalization
did not show any signiﬁcant differences (Fig. A.4).
3.5. ROSY1 ML-domain interacts with stigmasterol and
phosphatidyl ethanolamine
To investigate if ROSY1 binds lipids/sterols, we  generated ROSY1
recombinant protein. Multiple efforts to express the full-length
ROSY1 protein in E. coli with a variety of tags were unsuccessful,
perhaps due to the toxicity of the protein product. Recombi-
nant protein was successfully produced in the yeast K. lactis. The
cloning of the ML-domain of ROSY1 downstream of -MF  secre-
tory domain allowed isolation of a C-terminal HA-tagged fusion
protein (AtROSY1ML-HA). The recombinant protein was used for
sterol and lipid binding experiments.
Among the sterols tested, ROSY1 bound speciﬁcally to stigmas-
terol, but not to cholesterol, brassinolide or sitosterol (Fig. 5A). To
investigate if ROSY1 also bound to phospholipids, commercially
available nitrocellulose strips spotted with membrane phospho-
lipids was  used. We  detected a very speciﬁc interaction of
AtROSY1ML-HA with phosphatidylethanolamine (PE) and 1,3-
dipalmitoyl-sn-glycero-2-phosphoethanolamine (DPPE) (Fig. 5B).
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To test the binding afﬁnity of ROSY1 to stigmasterol and DPPE,
e probed the ROSY1 binding to stigmasterol, DPPE and another
embrane PE 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine
DOPE) on the same membrane (Fig. 6A). AtROSY1ML-HA does not
ind DOPE, but binds stigmasterol (with high afﬁnity) and DPPE
with lower afﬁnity). Because DPPE and DOPE have very different
econdary structures (Fig. 6B), the speciﬁc binding of ROSY1 with
PPE but not with DOPE shows that the fatty acid side chains in
hose lipids are important in the speciﬁcity of ROSY1 binding. We
urther evaluated whether DPPE and stigmasterol competed for the
ame binding site at the ROSY1 ML-domain or whether binding
f either ligand to the protein was cooperative or independent.
uriﬁed recombinant ROSY1 was pre-incubated with DPPE prior
o probing stigmasterol spotted PVDF strips, The pre-incubation
ith DPPE increased ROSY1 binding to stigmasterol (Fig. 6C). These
esults indicate cooperative binding of the ROSY1 ML-domain with
tigmasterol and DPPE, and suggest that the sterol and the phos-
holipid bind to different sites.
.6. ROSY1 interacts with synaptotagmin1
To investigate potential interactions of ROSY1 with other pro-
eins in the Arabidopsis root, we carried out a yeast-two-hybrid
creen. We  generated a cDNA library from gravity-stimulated Ara-
idopsis roots in yeast as prey and performed a yeast-two-hybrid
creen using partial ROSY1 sequence excluding the transmembrane
egion (ROSY1; aa 26–148) as bait. During two independent mat-
ng events, only one functional interaction was obtained from the
creen (Fig. 7). ROSY1 interacted with a partial sequence (amino
cids 467–541) of a membrane transport and recycling protein,
ynaptotagmin1 (SYT1) to give a positive interaction on quadruple
rop out medium (Fig. 7). The interaction was further conﬁrmed
n yeast by co-transformation of the reporter yeast strain with
ROSY1 and SYT1 plasmids. We  tested if the interaction of ROSY1
ith SYT1 had functional relevance for its role in gravitropism.
owever, the syt1-1 knockout mutant did not show signiﬁcant dif-
erence in root gravitropic bending over WT  (two-tailed Student’s
-test, n = 43, p > 0.12) (Fig. A.5).
.7. ROSY1 confers salt stress susceptibility
The protein SYT1 is required for maintaining plasma mem-
rane integrity, repair and resealing following abiotic stresses, like
alinity (Schapire et al., 2009) or freezing (Yamazaki et al., 2008).
ecause of the interaction between ROSY1 and SYT1, we investi-
ated if ROSY1 had a role in the SYT1-mediated salt stress response.
upplementing MS  medium with NaCl (0–200 mM),  we  found that
osy1-1 seedlings are more tolerant to salt stress compared to WT
total n = 72, three bioreps). Salt stressed rosy1-1 seedlings pro-
uced more lateral roots compared to WT  seedlings and showed
etter overall stress tolerance to NaCl (Fig. 8). The phenotype was
peciﬁc to NaCl stress; when plants were exposed to other salts
KCl) or osmotic stress (mannitol), there was no detectable differ-
nce in the growth of rosy1-1 seedlings compared to WT  seedlings
Fig. A.6).
. Discussion
Changes in the plant roots orientation towards the vector of
ravity elicit a unique signal transduction pathway in plant roots,
nd regulates gene expression independent of the mechanical
tress elicited (Kimbrough et al., 2004). ROSY1 is one of the earli-
st responding transcripts to gravity stimulus, showing about four
imes up-regulation in transcript abundance in the root tip after
ravistimulation (Kimbrough et al., 2004). Upon gravistimulation,
here is increased ROSY1 protein accumulation on the elongatingology 196–197 (2016) 28–40
side of the root. In rosy1-1 plants, roots exhibit faster bending after
reorientation, indicating that ROSY1 is a suppressor of gravitropic
root bending. ROSY1 interacts with the membrane transfer protein
SYT1, which plays a role in vesicular fusion and recycling. ROSY1
may  regulate asymmetric membrane exchanges, possibly through
its interaction with SYT1.
The protein SYT1 is a member of a large family of plasma
membrane localized calcium sensing proteins that regulate
calcium-dependent endocytosis and exocytosis of vesicles (Lewis
and Lazarowitz, 2010; Yamazaki et al., 2010). In Arabidopsis,  ROSY1
and SYT1 have narrow regions of co-localization in the lateral root
cap and epidermis of the elongation zone (Yamazaki et al., 2010).
The expression of both ROSY1 and SYT1 appear to be cytoplasmic,
so the membrane-binding helices of the proteins may  be bound
to vesicles in the cytoplasm. The membrane environment may
also impact the interaction between ROSY1 and SYT1. We  have
shown that ROSY1 binds speciﬁcally to stigmasterol and PE in vitro,
therefore attachment of ROSY1 to a vesicle may be dependent on
the membrane composition of the vesicle. SYT1 activity in animal
cells is reported to be affected by the levels of phospholipid phos-
phatidylinositol(4,5)bisphosphate (PIP2) in the membrane (Kuo
et al., 2011). In Arabidopsis, SYT1 binds to several membrane phos-
phatidylinositol phosphates in vitro including PIP2, but it is not
known if the PIPs affect the SYT1 activity (Perez-Sancho et al.,
2015). Still, the speciﬁc lipid binding of ROSY1 and SYT1, possi-
ble functional dependence on Ca2+ and their narrow regions of
co-localization suggests that these proteins may  interact in only
speciﬁc membrane environments or lipid rafts, in speciﬁc cells.
In addition to the spatial speciﬁcity of ROSY1 and SYT1 inter-
action, there may  be a temporal speciﬁcity as well, mediated by
changes in InsP3 and Ca2+ concentration in the cellular compart-
ment. ROSY1 mRNA expression is rapidly upregulated upon gravity
stimulus, and the upregulation is dependent on the presence of
InsP3 in cells (Salinas-Mondragon et al., 2010). In Arabidopsis plants
with reduced InsP3 compared with WT plants, ROSY1 expression
was not upregulated in response to gravity stimulus (Perera et al.,
2006; Salinas-Mondragon et al., 2010). InsP3 is a regulator of intra-
cellular Ca2+ ﬂux (Schroeder and Hedrich, 1989). SYT1 has two
calcium binding C2 domains, and it is activated for membrane
fusion after the C2 domains bind Ca2+ (Yamazaki et al., 2010). There-
fore, the gravity-induced increase in InsP3 levels in the cell may  on
one hand upregulate the expression of ROSY1 mRNA, and on the
other hand activate the SYT1 protein for membrane fusion (Fig. 9).
SYT1 and the SNARE complex enable both exocytosis and endo-
cytosis, but it is not known if ROSY1 can enable or hinder membrane
fusion. SYT1 promotes membrane repair and resealing after salt
stress, and the syt1-1 knockout mutant is more salt stress suscepti-
ble. On the other hand, rosy1-1 knockout mutants are more tolerant
of salt stress, indicating that ROSY1 may  have a function which is
opposite of SYT1. In 100 mM NaCl, rosy1-1 mutants had a larger
number of lateral roots. Because both ROSY1 and SYT1 are highly
conserved in plants, the interaction between these two proteins
may  be one of the key mechanisms by which plants establish asym-
metric cell elongation by inﬂuencing membrane fusion, recycling
and protein trafﬁcking to speciﬁc regions of stigmasterol/PE-rich
endomembrane domains.
Possible alterations in vesicle recycling in rosy1-1 roots may be
the reason why reduced shootward auxin transport was observed
in non-gravity-stimulated rosy1-1 roots. This auxin transport defect
may  in turn account for the faster gravitropic bending of rosy1-1
roots. Such a phenotype is also observed in abcb4 mutants, which
have reduced basipetal transport at the root tip and faster grav-
itropic root bending (Lewis et al., 2007). These authors proposed
that slower auxin transport accelerates formation or perception of
an auxin concentration gradient across the root tip and leads to
faster gravitropic bending.
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Relocalization studies of PIN proteins in rosy1-1 roots during
ravitropism in conjunction with auxin transport indicators such
s Aux/IAA-based sensor DII-VENUS (Brunoud et al., 2012) would be
ecessary to more completely understand how ROSY1 affects auxin
ransport. The PIN protein relocalization in response to gravity was
ecently explained by the activity of the MYB  family transcription
actors FLP and MYB88 (Wang et al., 2015). However, the transcrip-
ion factors themselves were not found to be up or downregulated
n response to either gravity or mechanical stress (Kimbrough et al.,
004), indicating that the link between gravitropic stimulation and
he action of FLP and MYB88 transcription factors is yet unknown.
he identiﬁcation of the mechanisms by which genes are regulated
o quickly and speciﬁcally in response to gravity (Kimbrough et al.,
004) remains one of the most exciting areas of discovery in plant
ravitropism.
. Conclusion
ROSY1,  which is one of the earliest transcribed signals in
esponse to gravitropism in Arabidopsis roots, is a stigmasterol
inding protein. Loss of function rosy1-1 mutants exhibit faster
ravitropic bending in roots. Upon gravistimulation, ROSY1-GFP
ccumulates on the elongating side of the root. ROSY1 interacts
ith membrane trafﬁcking protein SYT1. The interaction of ROSY1
nd SYT1 may  be involved in vesicle recycling and membrane for-
ation during the asymmetrical gravitropic growth.
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